We have designed and implemented on a personal computer a program for identifying and quantifying the fragments present in a peptide mixture obtained by hydrolysing a polypeptide of known sequence using digesting agents. The qualitative data utilized by the main algorithm consist of the target sequence of the intact molecule and the amino acid residues identified at each step of the automatic sequence analysis of the unfractionated digestion mixture. In this way, the sequence of each fragment present in the mixture is quickly reconstructed. Furthermore, if the quantitative data of the amino acid residues identified at each step of the sequence analysis are utilized, the program will correlate the sequence of each fragment to its amount. We furnish an example of the application intended for the rapid identification and characterization of the extracellular proteinases produced by a basidiomycete fungus, utilizing the bovine insulin /3-chain as target substrate. A variety of uses for the method are discussed.
Introduction
Algorithm-aided sequence analysis of peptide mixtures, theorized nearly 30 years ago by Gray (1968) , is today an excellent tool for the rapid determination of the amino acid sequence of proteins, particularly using automatic modern sequencers, which allow a simple identification of various amino acid residues at each step of the Edman degradation (Caporale et at., 1993 (Caporale et at., , 1994 . More generally, if the sequence of a protein (or peptide) is known, the sequence analysis of its fragment mixtures generated by any digesting agent(s) can be used for different goals. For example, Petrilli et al. (1994) used this approach in investigating the resistance of an opioid peptide to the action of gut proteases of a plant parasite insect. In that reported case, the sequence identification of the mixture fragments was achieved without the help of a computer since the target substrate was a small peptide digested by few hydrolytic agents (Petrilli et al., 1994) . Of course, a computer program can be very useful in distinguishing each Dipartimento di Agrobiologia ed Agrochimica, Universita della Tuscia, Via S.Camillo de Lellis, 01100, Viterbo, Italy fragment and determining its amount in the case of a complex mixture generated by the hydrolysis of a large substrate by one or more hydrolytic agents. In this paper, we describe an algorithm that is able to distinguish and quantify all the fragments present in a mixture produced by hydrolysing a polypeptide chain by any digesting agent(s), and suggest different applications of the method. As an example, we used the data of one of the various sequence analyses leading to the identification of the proteinases excreted in culture broths of the ligninolytic fungus Trametes trogii, as reported by Caporale et al. (1996) . The bovine insulin /3-chain was digested by fungal extracellular proteinases at different times and pH values. The output obtained from the data of the sequence analysis of the mixtures produced furnished the overall hydrolysis pathway of the peptide and information on the nature and kinetic properties of the enzymes present in the culture broth.
System and methods

Growth of fungus
Trametes trogii mycelium was maintained at 4°C and transferred monthly on fresh potato dextrose agar (Difco, Detroit, MI), supplemented with 0.5% yeast extract (Oxoid, Unipath, Basingstoke, UK). Pre-inocula were grown for 5 days at 28°C under agitation (180 r.p.m.) into 500 ml flasks with 100 ml of a medium (pH 6.0) containing yeast extract 0.015% (w/v), glucose 5g/l, (NH 4 ) 2 SO 4 1.84 g/1, K 2 HPO 4 1.77 g/1 and KH 2 PO 4 0.68 g/1. The mycelium was then ground with an Ultra Turrax mixer TP-18N (Ika-Werk Janke & Kunfel, GmbH, Stanfenim Breisgan, Germany) for 30 s to break up pellets and to make the inoculum homogeneous; 6 ml of ground preinoculum were then added to a 21 flask containing 750 ml of culture medium prepared by adding yeast extract 0.5% (w/v) and glucose 0.2% (w/v) to the synthetic medium described by Schiesser et al. (1989) . The culture was grown at 28°C under agitation (180 r.p.m.) for 5 days and the broth was clarified by filtration and centrifugation at 12000g for 20min. Portions of the broth utilized for the incubation mixtures were dialysed against distilled water and used immediately.
Protein concentration
The protein concentration was determined using the Bio-Rad Protein Assay kit according to the manufacturer's instructions and using bovine serum albumin as a standard.
Insulin 0-chain digestion
Bovine insulin /3-chain (Sigma, Milano) (15nmol) was incubated at 37°C with the culture broth of T.trogii (broth proteins/peptide 1:2 w/w) in 1.5ml of either 0.5% ammonium bicarbonate (pH 8.0) or 20 mM ammonium acetate (pH 5). Aliquots of the incubation mixtures, corresponding to 2000 pmol of the original peptide, were withdrawn at 0, 30, 60, 120 and 240 min, acidified by acetic acid and freeze-dried. The freeze-dried samples were then dissolved in water (0.2 ml) and lyophilized twice.
Sequence analyses
Sequence analyses were performed by using a pulsed liquid-phase sequencer (Perkin-Elmer Applied Biosystems model 477A) equipped on-line with a phenylthiohydantoin (PTH) amino acid derivative analyser (Perkin-Elmer Applied Biosystems model 120A). Samples were dissolved in aqueous 0.1% trifluoroacetic acid (20-30/xl) and loaded onto a trifluoroacetic acid-treated glass-fiber filter, coated with polybrene and washed according to the manufacturer's instructions. The sequencing reagents were from Perkin-Elmer Applied Biosystems.
Hardware and software
Programs were written using Microsoft QuickBASIC (version 1.00b) and implemented on an Apple Macintosh Classic computer. The operative system was System 6.7. No problem was observed in running the compiled applications using System 7.1.
Algorithm
The main difficulties in identifying the amino acid residues present at each step of the sequence analysis of peptide mixtures or cluster peptides are due to the carryover of the Edman degradation and to the varying yield of the amino acid derivatization reaction. The yield of the Edman degradation is reduced at each progressive step of the sequence analysis and is not the same for each PTH-amino acid, owing to partial destruction (e.g. serine and threonine), slow conversion (e.g. proline and glycine), reduced sensitivity in HPLC detection of positively charged molecules eluted as broad peaks (e.g. arginine and histidine) and low solubilization (e.g. lysine). In recent years, these problems have been solved utilizing modern pulsed-liquid phase sequencers equipped on-line with PTH analysers (Poerio et al., 1991; Caporale et al., 1993 Caporale et al., , 1994 Caporale et al., , 1996 Petrilli et al., 1994) . In fact, the carryover is a well-quantifiable phenomenon using this apparatus and, despite the yield problems, the identification of several amino acid residues at each step requires only a little experience. Thus, appropriate computer methods utilizing sequence data of peptide mixtures and devoted to the rapid determination of the amino acid sequence of proteins have been already described (Kitagishy et al., 1982; Shimonishi et al., 1981; Caporale et al., 1993 Caporale et al., , 1994 . Of course, new algorithms working on the same kind of data can be designed for the rapid solution of different problems.
Implementation and algorithm description
The program architecture is very flexible, since specific applications can be used at various levels. The qualitative data necessary to run the main application intended to the identification of the fragments present in the mixture are divided into two files storing the sequence of the peptide (or protein) submitted to the hydrolysis and the amino acid residues (mono-literal code) identified at each step of the sequence analysis of the unfractionated mixture. If a third file containing the pmol data of each identified residue is utilized, the program will correlate the sequence of each fragment present in the mixture to its amount; otherwise, the naming of the fragments will be only qualitative. All the necessary files can be inputted via the keyboard and stored on disk by simple input/edit routines. In this way, the identification of the residues present at each step of the sequence analysis is left to the experience of the user who will input their mono-literal code and, optionally, the corresponding pmol data. However, the application described below can be used to automate the identification of residues and to produce the above data files.
Residue identification algorithm
This supporting algorithm is intended as a further aid to the user in identifying the amino acid residues present at each step of the sequence analysis. It represents an alternative to that implemented on the sequencer machines whose purpose is the identification of just one amino acid for each step of the Edman degradation. The algorithm utilizes the pmol data of PTH-amino acids (raw or background corrected or lag corrected) obtained from a complete analysis, both to identify the residues present at each step and to associate them with quantitative data. Users of Perkin-Elmer Applied Biosystems sequencers (both models 477A and 610A) can directly utilize the files created by the instrument software, while other users can Minimal value useful for the identification at the first step: 20 pmoles Minimal value useful for the identification at the next steps: 10 pmoles {carryover subtracted) Minimal value useful for the identification of tryptophan (w): 20 pmoles Ratio aspartic acid/asparagine: 0,4 Ratio glutamic acid/glutamine : 0,4
B)
Residues identified at each step (carryover subtracted) input the data from the keyboard. The algorithm identifies the residues present at each step on the basis of the increment of the pmol data of each residue occurring between the examined and the previous step. The carryover contribution is subtracted by utilizing suitable variables for each amino acid. This means that a particular residue can be identified even if the difference in its pmol data between the examined and the previous step is negative. In this case, its pmol value at the examined step should be higher than the calculated value derived from the carryover. A detailed example of a such identification could be the following referring to proline: variable of the contribution for proline carryover = 30%; proline pmol at the step n = 110; proline pmoles at step n -1 = 252; difference (pmolw -pmolw -1) = -142; amount of proline at step n due to the carryover = 30 x 252/100 = 75.6; amount of proline at step n (110) > amount of proline due to the carryover (75.6). Proline is identified at step n and 110 -75.6 ^ 34 pmol are associated with this identification. The default value of the carryover variables can be changed by the user in order to obtain a better adaptation to his/her own instrument. Moreover, the user can indicate the limiting pmol value to be considered for the identification of all the residues and introduce variables able to evaluate whether amounts of aspartic and/or glutamic acids justifying their identification have to be considered in the case that asparagine and/or glutamine have been identified at the same step. Finally, the user can choose the minimal pmol value to be considered for the identification of tryptophan, since the retention time of PTH-W is the same of that of a minor byproduct of the Edman degradation which is always present in small amounts in the sequence analysis. It should be stressed that some wrong identification of residues present in small quantities could occur. Because of this, it is preferable to utilize low values of the variables, allowing a possible over-identification rather than a failure. In fact, mistakes due to an over-identification do not affect the correct Target sequence of the insulin S-chain: FVNQHLCGSHLVEALYLVCGERGFFYTPKA Sample : T30 Maximal length of the ambiguous fragments to be not considered = 2 Total fragments : 30 Fragment N. 1 : FVNQHLCGSHLVEA/ Position: 1-14 starting from F lending at A 14 Information: Cut at level of the peptide bond between A 14 and L 15 is confirmed by the presence of a fragment starting from L 15 (N. 18) N at the step n. 3, Q at the step n. 4, C at the step n. 7, G at the step n. 8, S at the step n. 9, H at the step n. 10, V at the step n. 12, E at the step n. 13, A at the step n. 14 can belong to this fragment only. You can evaluate the amount of the fragment in the mixture by the picomole data of these residues at the corresponding steps since they are not in common to other fragments.
Details:
Stepn. 1 F( 1322 pmol) is in common to 3 fragments N. 1, N. 2(F 1-F 1), N. 21 (F25-F25) Stepn. 2 V( 1554 pmol) is in common to 2 fragments N. 1, N. 20 (L17-F-24) Step n. 3 N ( 120 pmol) belongs to this fragment only
Step n. 4 Q ( 99 pmol) belongs to this fragment only Step n. 5 H ( 59 pmol) is in common to 2 fragments N. 1, N. 12 (L6-L15) Step n. 6 L ( 136 pmol) is in common to 2 fragments N. 1, N. 12 (L6-L15)
Step n. 7 C ( * ) belongs to this fragment only Step n. 8 G ( 89 pmol) belongs to this fragment only Step n. 9 S ( 34 pmol) belongs to this fragment only Step n. 10 H (17 pmol) belongs to this fragment only
Step n. 11 L ( 26 pmol) is in common to 2 fragments N. 1, N. 9 (H5-L15)
Step n. 12 V (16 pmol) belongs to this fragment only
Step n. 13 E ( 20 pmol) belongs to this fragment only
Step n. 14 A (16 pmol) belongs to this fragment only Fragment N. 2 : F* Position: 1 -1 starting from F 1 ending at F 1 Information: The presence of this fragment has been deduced. Cut at level of the peptide bond between F 1 and V 2 is confirmed by the presence of a fragment starting from V 2 (N. 3) Details:
Step n. 1 F ( 1322 pmol) is in common to 3 fragments N. 1 (F1-A14), N. 2, N. 21 (F25-F25) Fragment N. 3 : VNQHLCGSHLVEA/ Position: 2-14 starting from V 2 ending at A 14 Information: Cut at level of the peptide bond between F 1 and V 2 can be identified. Cut at level of the peptide bond between A 14 and L 15 is confirmed by the presence of a fragment starting fromL 15 (N. 18) N at the step n. 2, Q at the step n. 3, C at the step n. 6, S at the step n. 8, H at the step n. 9, V at the step n. 11, E at the step n. 12, A at the step n. 13 can belong to this fragment only. You can evaluate the amount of the fragment in the mixture by the picomole data of these residues at the corresponding steps since they are not in common to other fragments. Details:
Step n. 1 V (1478 pmol) is in common to 3 fragments N. 3, N. 4 (V2-V2), N. 23 (V18-F25)
Step n. 2 N ( 344 pmol) belongs to this fragment only Step n. 3 Q ( 271 pmol) belongs to this fragment only Step n. 4 H (123 pmol) is in common to 3 fragments N. 3, N. 14 (C7-L15), N. 15 (C7-V12)
Step n. 5 L ( 493 pmol) is in common to 3 fragments N. 3, N. 14 (C7-L15), N. 15 (C7-V12)
Step n. 6 C ( *** ) belongs to this fragment only Step n. 7 G ( 665 pmol) is in common to 2 fragments N. 3, N. 20 (L17-F24)
Step n. 8 S (107 pmol) belongs to this fragment only Step n. 9 H ( 70 pmol) belongs to this fragment only Step n. 10 L ( 64 pmol) is in common to 2 fragments N. 3, N. 12 (L6-L15)
Step n. 11 V ( 42 pmol) belongs to this fragment only
Step n. 12 E ( 25 pmol) belongs to this fragment only Step n. 13 A ( 16 pmol) belongs to this fragment only finding of the fragments present in the mixture by the main algorithm, since their sequences are compared with the target sequence of the intact molecule.
Application example
Insulin /?-chain was incubated with the fungus culture broth at different pH values. Aliquots of the incubation mixtures were withdrawn at different times and submitted to automatic sequence analysis. The sequence of the intact peptide is shown at the top of Figure 1 which also reports the pmol data of all the PTH-amino acids obtained from the sequence analysis of the alkaline mixture (~2000 pmol of the original peptide) after 30min incubation ( Figure 1A) . Pmol data of cysteine were not quantified since the peptide contains cysteic acid residues whose PTH derivative was not present as an internal standard of the instrument. PTH-cysteic acid was identified on the basis of its retention time, which is known for the HPLC system used for the analysis (4.48 min) and quantified by the number of '*' on the basis of the height-integrated peak area. This data file, produced by the instrument software, was utilized to identify and quantify the residues present at each step by the identification algorithm whose output files can be tabulated as shown in Figure 1(B) . As one can observe, no residue was identified at the 15th Edman step, meaning that the intact peptide was not present in the mixture and that the longest fragment left after the digestion was 14 residues long. Several amino acids were identified at each step and associated with their carryoversubtracted pmol data. As previously anticipated, these are the data utilized by the main algorithm to distinguish and quantify the fragments present in the mixture.
Main algorithm
The algorithm reconstructs the sequence of each possible fragment matching the target sequence of the intact peptide using the qualitative data of the residues identified at each step (mono-literal code). If the corresponding file containing the quantitative data (pmol) of the identified residues is utilized, the algorithm will successively correlate the sequence of each fragment with its amount. First, the residues identified at the initial step of the sequence analysis are localized on the target sequence. For example (Figure 1) , V at the first step is associated with possible fragments starting from V 2 , V 12 and V 18 . The algorithm then tries to extend the fragment sequences utilizing the residues identified at the following steps until no sequence can be further expanded. As one can observe, both extensions from V 2 to A M and from V i8 to F 2 5 are possible since the useful residues are present at the next steps. On the contrary, the extension V 12 -Ei 3 is not possible owing to the absence of E at the second step. This means that the hypothetical fragment V 12 -V 12 is ambiguous and its presence in the mixture must be checked. Cleavages at the level of both peptide bonds Ln~V 12 and V 12 -E, 3 should have occurred to justify the presence of this fragment. Thus, the algorithm verifies if both complementary fragments ending at Ln and starting at E 13 are present in the mixture. In this case, no fragment ending at Ln is present (see below). For this reason, the presence of the ambiguous fragment V 12 -V )2 can be reasonably excluded. This means that the pmol value of valine at the first step is due to the contribution of both fragments starting from V 2 and V 18 as well as to the possible addition of these free amino acids in the mixture, Sequences of the fragments present in the mixture as discussed below. Consequently, the valine pmol value at the first step is a bad parameter to evaluate the amount of the two fragments. The user can obtain a filtered output indicating if ambiguous fragments of determined length have to be excluded. For example, if the user indicates that ambiguous fragments consisting of just one residue should be not considered, the above hypothetical fragment V 12 -V,2 will be not included in the global analysis. The algorithm now establishes if the quantity of the fragments can be assessed. As already mentioned, both the identity and the amount of each individual fragment can be determined only if its sequence contains residues which are not in common with the sequence of other fragments, such residues being identified by the algorithm. Figure 2 shows the report of the first page of the output file obtained by filtering ambiguous fragments one and two residues long. As one can observe, a complete framework of the individual fragments is provided. Residues belonging only to the sequence of a single fragment and useful to assess its identity and determine its amount by the corresponding pmol data are indicated. For example, the amount of the fragment 1-14 in the mixture can be estimated as ~ 150-200 pmol by the data of N (step 3), Q (step 4) and so on, keeping in mind the progressive reduction of the yield of the Edman degradation and the different yield of PTH-amino acids. Residues common to the sequence of other fragments are specified and such fragments are indicated. Furthermore, the user is informed that the cleavage of the peptide bond A 14 -L 15 is confirmed by the presence of a fragment starting from L] 5 . Moreover, the sequences of the sub-fragments present in the mixture are deduced and the pmol data of the residues identified at each step are associated with these fragments also. For instance, the existence of free phenylalanine (portion of Fi and F 25 ) detectable at the first step is derived since the fragments 1-14, 2-14, 17-24 and 26-30 are present as specified in Figure 3 , which shows a summarized report of the complete output file. In this figure, the residues which can belong only to the sequence of a single fragment are indicated in bold type. As one can observe, all the fragments and free amino acids present in the mixture were identified and all the details about them were reported in the complete output file (Figure 2) . The time required to obtain the described results is ~75 s. The flowchart of the algorithm is shown in Figure 4 . All the data are kept in memory by matrices of integer variables.
Discussion
The identification of the fragments present in the mixture allowed one to assess the hydrolysis pathway of the peptide and provides information on the proteolytic Load the mixture sequence data of the identified residues Load the target sequence of the substrate Localize the residues identified at the first step on the target sequence and define the starting position of the fragment sequences Try to extend the fragment sequences utilizing the residues identified at the next step Can the sequences be extended ?
Yes
No
Store the fragment sequences and their accompanying quantitative data Identify residues which can belong only to the sequence of a single fragment
Filter ambiguous fragments of determined length
Deduce the sequence of sub-fragments and re-associate quantitative data Store all the information in the output file Figure IB) can be due only to the action of a carboxypeptidase removing the C-terminal residue from a large part of the peptide molecules. Furthermore, a small portion of lysine present at position 29 could have been removed by this enzyme since this amino acid was also present at the first step (87 pmol); however, K at the first step could be also common to the sequence of the fragment 29-30, whose deduced presence in the mixture was possible. The progressive action of an aminopeptidase was quite evident, the sequences of the fragments 1-14, Figure 5 shows all the hydrolysis sites of the peptide identified by the enzymes present in the culture broth. As one observe, all the endopeptidase sites were hydrophobic residues. The carboxypeptidase was very effective on hydrophobic residues, while it possesses little or no ability in removing basic residues. The aminopeptidase seems to be quite aspecific since polar and apolar residues were removed. The most important information obtained from the output file of the sequence analysis of the alkaline mixture after the next incubation time (60min) revealed that the activity of both aminopeptidase and carboxypeptidase was also explained by the internal fragments produced by the endopeptidase. The result files of the sequence analyses of the acidic mixture after 30, 60 and 240 min incubation showed that the aminopeptidase was not effective at acidic pH, and revealed that endopeptidase and carboxypeptidase activities were less efficient in the hydrolysis of the peptide, since minor amounts of the fragments produced by these enzymes were detectable in the mixture. Peptide hydrolytic pattern can be studied using timeconsuming procedures which require the isolation and characterization of the fragments (Petrilli et al., 1984; Stephenson and Kenny, 1987; Bongers et al., 1992) or by fast atom bombardment mass spectrometry analysis of the unfractionated fragment mixtures (Caporale et al., 1985) . This paper shows that the automatic sequence analysis of peptide mixtures supported by suitable algorithms represents a valid alternative to mass spectrometry. In fact, mass spectrometry data are qualitative. Moreover, some failure in identifying all the fragments owing to the phenomenon of signal suppression is possible (Naylor et al,. 1986 ). Sequence data are complete and can be used for a number of goals. The example we reported to describe the algorithm is intended to demonstrate the rapid characterization of unknown hydrolytic agents. This represents just one of the possible applications. Of course, this approach can also be used to provide useful information on the three-dimensional structure of peptides and proteins in solution. In fact, if a native polypeptide of known sequence is digested by a specific protease, it is possible to study the kinetics of the hydrolysis at the expected sites by sequence analysis of the mixtures produced at different digestion times. This allows one to distinguish between exposed and inaccessible sites since different specific enzymes can be used to obtain a complete mapping of the native structure of the polypeptide. This information can usefully be complemented by predictive structural data or by three-dimensional coordinates of homologous molecules when such data are available.
In conclusion, the algorithm described in this paper can be utilized to assess both structural and functional properties of peptides and proteins. The program is available from the authors free of charge. Requests should be accompanied with a 3.5 in. diskette.
